A novel endophytic bacterium, strain 1DrF-4 T , isolated from rice roots, was characterized on the basis of its phenotypic characteristics and genotypic information. The novel strain was Grampositive-staining, endospore-forming, facultatively anaerobic, motile and rod-shaped. Phylogenetic analysis based on 16S rRNA gene sequences showed that strain 1DrF-4 T formed a monophyletic clade within the genus Paenibacillus. The most phylogenetically related species was Paenibacillus pinesoli KACC 17472 T , with which strain 1DrF-4 T showed 16S rRNA gene sequence similarity of 95.2 %. 16S rRNA gene sequence similarities with type strains of other species of the genus Paenibacillus were less than 95 %. The predominant cellular fatty acids were anteiso-C 15 : 0 (61.1 %) and C 16 : 0 (11.1 %), which is one of the characteristic traits of the genus Paenibacillus. The quinone system contained exclusively menaquinone MK-7. The polar lipid profile contained diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, glycolipid and an unknown phospholipid. The DNA G+C content was 50.16 mol%, which was within the range reported for species of the genus Paenibacillus. Characterization by genotypic, chemotaxonomic and phenotypic analysis indicated that strain 1DrF-4 T (=ACCC 19927 T =JCM 30486 T ) represents a novel species of the genus Paenibacillus, for which the name Paenibacillus oryzae sp. nov. is proposed. †These authors contributed equally to this work.
The genus Paenibacillus was proposed by Ash et al. (1993) and belongs to the family Paenibacillaceae. At the time of writing, this genus contains 180 species (http://www.bacterio.net/paenibacillus.html). The members of the genus Paenibacillus are aerobic or facultatively anaerobic, rodshaped bacteria which produce ellipsoidal endospores, contain anteiso-C 15 : 0 as the major fatty acid and have a DNA G+C content of 39-57 mol%. Members of the genus Paenibacillus contains meso-diaminopimelic acid as the major diamino acid in the peptidoglycan and alanine (Kim et al., 2015a) . Since the late 20th century, many novel species of the genus Paenibacillus have been found from plant tissues, including roots (Berge et al., 2002; Kim et al., 2015b) , leaves (Oh et al., 2008) and seeds (Smerda et al., 2005; Liu et al., 2010 Liu et al., , 2015 . More specifically, several species of the genus Paenibacillus can enhance plant growth through nitrogen fixation, phytopathogen control, phosphate solubilization, the stimulation of iron uptake and hormone production (Kloepper et al., 1980; Jin et al., 2011; Beneduzi et al., 2012; Wang et al., 2012) . In this study, we investigated the taxonomy of a novel strain, 1DrF-4 T , which was isolated from rice roots during the study of long-term manure rotation effects on rice endophytic microbial communities, and identified a potentially novel species of the genus Paenibacillus.
Rice roots were taken from Qiyang County of Hunan Province, China. Methods of isolation and purification of strains from rice roots were according to those reported by Zhang et al. (2011) . All strains were stored at À80 C as glycerol suspension (20 %, v/v) and at À4 C in freeze-drying ampoules. Paenibacillus polymyxa ACCC 10252 T , Paenibacillus agaridevorans DSM 1355 T , Paenibacillus urinalis CCUG 53521 T , Paenibacillus mendelii LMG 23002 T and Paenibacillus pinesoli KACC 17472 T were used as reference strains in this study.
Cell shape, spore formation and colony appearance were examined after incubation on TSA (Difico) medium (with 0.01 % MnSO 4 ) at 30 C for 2 days. The morphology of the cells and spores was examined by light microscopy (CX21; Olympus). Growth at different pH values (pH 3-11, at intervals of 1.0 pH units, adjusted with 1M HCl or NaOH), different temperatures (4, 10, 15, 20, 30, 37, 40, 45, 50 C) and different NaCl (w/v) concentrations (0, 1.0, 2.0, 3.0, 4.0, 5.0 and 10.0 %) was tested by using tryptic soy broth (TSB) medium (17 g tryptone l À1 , 3 g soy peptone l À1 , 2.5 g glucose l À1 and 2.5 g K 2 HPO 4 l À1 ). Gram staining was performed using a Gram-stain kit (HiMedia). Flagella staining was performed using a Flagella-stain kit (Improved method of Ryu; Beijing Solarbio Science & Technology). Motility was also observed by semisolid culture medium. Catalase and oxidase activities, and hydrolysis of casein, starch and Tween 80 were tested as described by Dong & Cai (2001) . Growth under anaerobic conditions was tested in TSB medium (BD/Difco) in Hungate tubes filled with oxygen-free N 2 at 30 C (Ruan et al., 2014) . Other tests to determine biochemical characteristics were performed by using API 20NE, API 20E strips (bioM erieux).
Cells of strain 1DrF-4 T and reference strains were grown on TSA (Difco) medium at 30 C for 18-24 h and harvested at a similar physiological age for chemical analysis. The fatty acids analyses were carried out by using the Sherlock Microbial Identification System (TSBA version, 6.0 library; MIDI) with the standard MIS Library Generation Software Table 1 . Phenotypic characteristics of strain 1DrF-4 T and closely related strains Strains: 1, 1DrF-4 T ; 2, P. polymyxa ACCC 10252 T ; 3, P. agaridevorans DSM 1355 T ; 4, P. urinalis CCUG 53521 T ; 5, P. mendelii LMG 23002 T ; 6, P. pinesoli KACC 17472 T . +, Positive; W, weakly positive; À, negative. Data for the reference species are from the present study except for the data in parentheses, which are from Moon & Kim (2014) .
Growth with NaCl (5 %) À + À + À (+) pH for growth 6-11 5-11 7-11 7-11 6-9 (6-9.5) Temperature for growth ( (Sasser, 1990) . Strain 1DrF-4 T was incubated in TSB medium at 30 C for about 2 days for quinone, polar lipid and cell-wall diagnostic diamino acid analysis. The quinones were analysed by HPLC (Minnikin et al., 1984) . Polar lipids were extracted and analysed by two-dimensional TLC according to the methods of Minnikin et al. (1984) . The cell-wall peptidoglycan structure of strain DrF-4 T was tested by TLC (Komagata & Suzuki, 1988) with the methods described by Schleifer (1985) . The sugar profile was analysed according to the method described by Lechevalier & Lechevalier (1980) . Genomic DNA was extracted using a TIANamp Bacteria DNA Kit (Tiangen), and the 16S rRNA gene was amplified by PCR using the universal primers 27F and 1492R according to the method of Lane et al. (1991) . 16S rRNA gene sequence similarities were analysed using the EzTaxon server (Kim et al., 2012) . Sequences were aligned and analysed using MEGA 6.0 software (Tamura et al., 2013) . The phylogenetic tree was reconstructed using the neighbourjoining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and minimum-evolution (Rzhetsky & Nei, 1992) methods, and reliability of the phylogenetic trees was estimated using bootstrap values based on 1000 iterations (Felsenstein, 1985) . The DNA G+C content was determined by the thermal denaturation method (Marmur & Doty, 1962) with a Beckman DU 800 spectrophotometer (Beckman Coulter); Escherichia coli K-12 was used as a reference strain.
Strain 1DrF-4 T was a Gram-positive-staining, facultatively anaerobic, rod-shaped bacterium (1.0-2.5 µm long, 0.5-0.75 µm wide). Ellipsoidal endospores were produced in swollen sporangia (Fig. S1 , available in the online Supplementary Material). Cells of strain 1DrF-4 T had flagella ( Fig.  S2 ) and were motile in semisolid culture medium. The colonies were circular, greyish, smooth and flat on TSA medium at 30 C for 2 days. Growth occurred at pH 6-11 (optimum: pH 8) and 15-45 C (optimum: 30 C). Growth in the presence of 3 % but not 4 % NaCl (optimum: 0 %) was observed. Cells had oxidase activities but no catalase activities. Other biochemical characteristics are shown in Table 1 . Several phenotypic characteristics differentiated strain 1DrF-4 T from the members of phylogenetically related species; for example, the organism was positive for nitrate reduction, use of citrate and the Voges-Proskaur reaction, hydrolysis of starch and Tween 80; it was negative for hydrolysis of gelatin, casein and agar. Strain 1DrF-4 T assimilated L-arabinose and D-mannose, but not D-glucose, D-mannitol, N-acetyl-glucosamine or potassium gluconate. Acid was produced from sucrose, melibiose and amygdalin, but not from D-glucose, D-mannitol or L-arabinose.
The predominant cellular fatty acids of strain 1DrF-4 T were anteiso-C 15 : 0 (61.1 %), C 16 : 0 (11.1 %) and iso-C 16 : 0 (9.6 %). The detailed cellular fatty acid data are given in Table 2 . Similar to other species of the genus Paenibacillus, the fatty acid with the highest level was anteiso-C 15 : 0 (Ming et al., 2012 ). The quinone system consisted of menaquinone MK-7 (100 %), which was the same as the characteristics of genus Paenibacillus (Ming et al., 2012) (Fig. S3 ). The polar lipid profile consisted of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, glycolipid and an unknown phospholipid (Fig. S4) , which could be differentiated from that of the most closely related species P. pinesoli KACC 17472 T (Moon & Kim, 2014) . The major polar lipids of P. pinesoli KACC 17472 T were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol and two unknown aminophospholipids. Strain 1DrF-4 T did not contain meso-diaminopimelic acid in the cell-wall peptidoglycan, which was different from the general features of the genus Paenibacillus (Fig. S5 ). However, it is not the first time that a species of the genus Paenibacillus has been found to lack meso-diaminopimelic acid in the peptidoglycan; others include Paenibacillus endophyticus (Carro et al., 2013) and Paenibacillus pueri (Kim et al., 2009) . The sugar profile of strain 1DrF-4 T was found to contain ribose and galactose (Fig. S6) .
A complete sequence (1423 bp) of the 16S rRNA gene of strain 1DrF-4 T was determined. Analysis of the sequence showed that the highest similarity was with those of P. S7 and S8) . Strain 1DrF-4 T was clearly located within the genus Paenibacillus but formed a separated clade with the related species, indicating that the novel strain represents a novel species. The DNA G+C content was 50.16 mol%, which was within the range reported for species of the genus Paenibacillus.
The phenotypic and chemotaxonomic properties, as well as genotypic information, indicate that strain 1DrF-4 T 
